Introduction: Acute moderate-intensity exercise reduces postprandial lipemia in boys.
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INTRODUCTION
Elevated plasma triacylglycerol concentrations [TAG] , especially in the postprandial period, have been implicated in the development of atherosclerosis (42) . Impaired clearance of postprandial [TAG] is associated independently with an increased risk of future cardiovascular diseases (1, 33) , which remain the leading cause of death in the UK (36) . Most people typically spend the majority of the daytime in a postprandial state; therefore, repeated daily exposure to elevated postprandial [TAG] promotes the development of an atherogenic lipid profile of small, dense low-density lipoprotein and low concentrations of high-density lipoprotein (7) . Considering the process of atherosclerosis is initiated during childhood, lifestyle interventions that moderate postprandial lipemia by improving TAG metabolism may slow atherogenic progression, even during childhood and adolescence (32) .
Acute moderate-intensity exercise (30 min to 3 h in duration) performed up to 16 h before a standardised meal reduces postprandial lipemia in adults (34) , although this effect is short-lived (19) and may be dependent on the exercise-induced energy expenditure (16) .
Similar postprandial studies with boys have also reported acute reductions in postprandial lipemia following a single moderate-intensity exercise session (2, 29, 39, 41) . Barrett et al. (2) suggested the larger reduction in postprandial [TAG] after intermittent-games activity compared with continuous exercise may reflect the higher exercise energy expenditure (EE).
However, the evidence is limited by the between-measures design and the inability to estimate the exercise EE during the intermittent-games activity (2) . Subsequent studies suggest a dose-dependent response is not supported in healthy young people (39, 41) .
Recent findings have suggested that low volume, high-intensity interval training results in similar physiological and metabolic adaptations as higher volume, moderate to vigorous intensity continuous training (21, 28) . Furthermore, this type of training may also improve insulin sensitivity and glycaemic control (28) . Acute intermittent high-intensity exercise has also been shown to attenuate the postprandial lipaemic response in healthy adult males (11, 13, 14) . However, it is not known whether a single session of low volume, highintensity exercise attenuates the plasma TAG response to standardised meals in boys. Current international guidelines recommend that children and adolescents accumulate at least 60 min of moderate daily physical activity to promote and maintain health (9, 23) . Considering that many children and adolescents fail to meet these guidelines (35) , low volume, high-intensity exercise may represent a viable alternative to help improve health and increase physical activity participation from a young age (4).
Therefore, the aim of the present study was to examine the effect of a single bout of low volume, high-intensity interval running (HIIR) on postprandial lipemia in healthy, active 11 to 12 year old boys. It was hypothesised that acute, HIIR would effectively reduce postprandial [TAG] compared with a resting control despite the relatively low exercise energy expenditure.
METHODS

Participants
After approval from the University Ethical Advisory Committee, 16 boys aged 11.3 to 12.9 years volunteered to participate in this study. Results are presented for 15 boys as one boy dropped out due to illness. Written assent was obtained from each participant and written informed consent by a parent or guardian. A health screen questionnaire revealed all participants were in good general health, had no history of medical conditions that may compromise exercise participation and were not taking any medications or dietary A C C E P T E D supplements known to influence lipid or carbohydrate metabolism. All participants indicated they were actively participating in sport, but not specifically accustomed to high-intensity running. Physical and physiological characteristics of participants are presented in Table 1 .
Anthropometry and physical maturation
All anthropometric measurements were conducted with participants wearing shorts, T-shirt and socks. Stature was measured to the nearest 0.01 m using a fixed stadiometer (Holtain, Crosswell, UK), and body mass was quantified to the nearest 0.1 kg using a balance-beam scale (Avery, Birmingham, UK). Body mass index (BMI) was calculated as body mass (kg) divided by stature (m) squared. Triceps and subscapular skinfold thickness were measured to the nearest 0.2 mm on the right-hand side of the body using Harpenden callipers (John Bull, St. Albans, UK). The median of three measurements at each site was used to estimate percent body fat (%BF) using the maturation, race and sex-specific equations developed by Slaughter et al. (37) . Lean body mass (LBM) was estimated:
Level of physical maturity was estimated through self-assessment of secondary sex characteristics. Participants were provided with drawings depicting the five stages of genital and pubic hair development (38) , ranging from 1 indicating pre-pubescence to 5 indicating full sexual maturity, and were required to identify the stage reflecting their current level of sexual development.
Preliminary exercise measurements
During the first visit to the laboratory, participants were familiarised with walking and running on the treadmill (Technogym Runrace, Gambettola, Italy) before completing an incremental speed-based treadmill protocol. This protocol was designed to determine peak oxygen uptake ( O V  2 ) and maximal aerobic speed (MAS), defined as the running speed eliciting the highest O V  2 during an incremental test (27 
Experimental design
The experimental design was similar to previous studies with boys (2, 39, 41) . Using a within-measures, counter-balanced, cross-over design, participants completed two, 2-day experimental conditions: a resting control condition (CON) and a high-intensity interval running condition (HIIR). The conditions were separated by a standardised period of 14 days.
The study design is presented schematically in Figure 1 .
Day 1
On day 1 at 15:30 h, participants arrived at the laboratory and all measures were completed by 16:30 h. Body mass was recorded at the start of each experimental condition to standardise the test meals provided on day 2. During HIIR, participants completed a 5 min warm-up at 60% MAS, followed immediately by the acute high-intensity running intervals and concluding with a 3 min cool-down at 40% MAS. The high-intensity exercise session involved 10 x 1 min treadmill runs at 100% MAS with 1 min active recovery between each interval. Several recent studies adopting a low-volume, high-intensity exercise session (10 x 1 min high-intensity cycle sprints, 1 min recovery) reported that this protocol was well tolerated in patients with type 2 diabetes mellitus (21, 28) . Following initial pilot work with 12 to 14 year old adolescents, this pattern of exercise on the treadmill was deemed suitable for this population. During the active recovery period, participants dismounted the treadmill and were encouraged to pace around the lab to avoid venous pooling and feeling light headed.
Heart rate was monitored continuously and the participants provided RPE in the last 10 s of each interval as described previously. During CON, participants rested in the laboratory to match the duration of HIIR.
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Day 2
On day 2 at ~07:45 h, participants arrived at the laboratory following a 12 h overnight fast and provided a fasting capillary blood sample after 10 min seated rest. Participants consumed water ad libitum in the postprandial period of the first condition and the ingested volume was replicated in the subsequent condition.
Standardisation of diet and physical activity
Participants recorded their dietary intake and all physical activity categorised according to intensity level during the 48 h period before day 2 of the first experimental condition. They were asked to minimise and record their physical activity in a diary during this period. The boys then replicated this diet and physical activity pattern before the second experimental 
Test meals
The test breakfast consisted of croissants, chocolate spread, whole milk, double cream and milkshake powder. The meal quantity was prescribed relative to body mass and provided 1.5 g fat (60% of total energy), 1.8 g carbohydrate (33%), 0.4 g protein (7%) and 93 kJ energy per kilogram body mass. The test lunch consisted of white bread, mild cheddar cheese, butter, potato crisps, whole milk and milkshake powder and provided 1.1 g fat (50%), 1.9 g carbohydrate (38%), 0.6 g protein (12%) and 86 kJ energy per kilogram body mass. To ensure consistency across participants and experimental conditions, participants consumed either chocolate or strawberry flavour milkshake powder on both visits. The time taken to consume each meal during the first experimental condition was recorded and replicated in the remaining condition.
Analytical methods
Capillary blood samples were taken after the hand was pre-warmed in water heated to 40°C for 5 min. The fingertip was pierced (Unistick 3 Extra, Owen Mumford, UK) and 600 µL of whole capillary blood was collected into potassium-EDTA coated Microvette CB 300 tubes Greenhouse-Geisser correction was applied to the degrees of freedom if the sphericity assumption was violated. The trapezium rule was used to calculate the total area under the plasma concentration versus time curves for TAG (TAUC-TAG), glucose (TAUC-glucose) and insulin (TAUC-insulin) ( Table 2 ). The incremental areas under the plasma concentration versus time curves for TAG (iAUC-TAG), glucose (iAUC-glucose) and insulin (iAUCinsulin) were calculated using the same method after correcting for fasting concentrations. were calculated using the t-distribution and degrees of freedom (n -1) and absolute standardised effect sizes (ES) are included to supplement important findings (12) . In the absence of a clinical anchor, an ES of 0.2 was considered the minimum important difference for all outcome measures, 0.5 moderate and 0.8 large (6). Bivariate correlations identifying possible determinants of exercise-induced changes in TAUC-TAG were quantified using linear regression. Interpretation of the data will be based on the 95% CI and ES rather than more traditional dichotomous hypothesis testing.
RESULTS
Dietary intake
Average energy intake was similar during the 48 h before day 2 of CON and HIIR (8. ; 95% CI -7.6 to 11.7) respectively.
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Responses to high-intensity interval running
The high-intensity interval running session was well tolerated by all participants and was performed at an average MAS of 12. Table 2 ). The iAUC-glucose did not differ meaningfully between CON and HIIR (95% CI -1.76 to 1.94) ( Table 2 ).
There was no meaningful difference in postprandial plasma [insulin] between CON and HIIR (main effect condition 95% CI -35 to 13, ES = 0.25, main effect time ES = 0.69, condition by time interaction ES = 0.11). In addition, TAUC-insulin was similar across the experimental conditions (95% CI -210 to 90) ( Table 2 ). No meaningful difference in iAUCinsulin was evident between CON and HIIR (95% CI -149 to 41) ( Table 2) .
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DISCUSSION
The main finding of the present study was that a single session of low-volume HIIR The effect of exercise on postprandial TAG metabolism has traditionally been linked with the exercise energy expenditure (EE) in adults (16) . A recent review suggests that an energy expenditure threshold of 2MJ is required to elicit acute reductions in postprandial
[TAG] (31). However, the evidence of a dose-dependent response in young people is not supported (39, 41). Although it was not possible to measure the exercise EE directly, it is reasonable to assume that the short duration of HIIR (10 minutes in total) would incur a lower EE than that reported in other studies investigating the effect of longer duration, moderate or vigorous intensity exercise on postprandial [TAG] in boys (2, 29, 39, 41) , and below the 2 MJ threshold suggested in adults (31) . Estimating EE during high-intensity exercise based on
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indirect calorimetry is limited by the disturbances in the bicarbonate pool that occur during non-steady state exercise and, therefore, the gas composition of expired air is unlikely to reflect tissue metabolism (24) . Indeed, Gabriel et al. (14) reported that in adults, low-volume, sprint interval cycling attenuated postprandial lipemia, and yet, no effect of brisk walking was observed on postprandial [TAG] despite a 57% greater exercise EE estimated from the average power output and mechanical efficiency. Consequently, the capacity for highintensity exercise to reduce postprandial [TAG] suggests that the exercise intensity is important in modifying the postprandial lipaemic response.
Clear inter-individual variability is evident in the exercise-induced changes in plasma
[TAG], which is consistent with previous work in boys (39) and adults (15) . Average percent peak heart rate during HIIR was the only physical or exercise response variable that demonstrated a significant correlation with exercise-induced TAUC-TAG suggesting exercising at a higher relative intensity augments the attenuation in postprandial [TAG] .
Although O V  2 was not measured during HIIR, neither oxygen uptake, substrate utilisation nor exercise EE have been found to contribute meaningfully to the individual heterogeneity in postprandial lipemia following moderate-intensity exercise in adults and boys previously (15, 39) . While the majority of boys in the current study were classified as early pubescent, a range of self-assessed sexual maturity ratings were identified (pubic hair development stage 1: n=2; stage 2: n=11; stage 3: n=2). Subsequent analyses revealed no discernible effect of maturity status on the postprandial TAG response (data not shown). However, the influence of maturity status on postprandial lipemia is limited by the relatively small sample size, and, therefore, cannot be determined with confidence from our findings.
It is widely accepted that non-fasting TAG is an independent risk factor for future cardiovascular events (1, 33) , and efforts to reduce cardiovascular risk factors should begin from a young age (32) . However, the clinical relevance of the exercise-induced reduction in (including warm-up, recovery and cool-down) in the present study was 27 min, highlighting the time-efficiency of our HIIR session. It has been found that combining moderate-intensity exercise with periods of high-intensity effort is associated with greater perceived enjoyment than performing a similar duration of continuous, moderate-intensity exercise alone in prepubertal boys (8) . Moreover, children typically spend a lower percentage of time engaged in low-intensity activities and more time on high-intensity activities compared with adults (22) . Consequently, HIIR may represent an effective strategy in boys to improve health that is practical, time-efficient and enjoyable, but further research is required to support this.
In the present study, no differences in the postprandial glucose or insulin response were evident, and therefore, are unlikely to contribute to the diminished postprandial plasma
[TAG] response following HIIR. The evidence for acute moderate-intensity exercise-induced changes in postprandial [glucose] following high-fat meals are generally not well supported in young people (2, 29, 39, 41) . Furthermore, despite the paucity of research, no effect of moderate-intensity exercise was evident on the postprandial insulin profile (29) . Insulin is known to play a pivotal role in TAG metabolism, regulating the uptake of TAG to skeletal muscle and adipose tissue, along with the release of very low-density lipoproteins (VLDL) from hepatic tissue. However, exercise-induced changes in postprandial lipemia appear independent of the postprandial insulin response (17) .
The mechanism responsible for the acute attenuation in postprandial [TAG] following exercise is not known currently in young people and cannot be elucidated from our findings.
In adults, it is proposed that enhanced removal of TAG from the blood mediated by increased lipoprotein lipase (LPL) activity in the plasma or muscle (18, 20) and/or a reduction in hepatic VLDL-TAG synthesis and secretion (30) However, no effect of high-intensity exercise was observed on plasma in adults (14) .
A possible limitation of this study is the accuracy of physical activity replication between the experimental conditions. Participants were asked to subjectively record their physical activities 48 h before day 2 of the first experimental condition and then replicate this during the same period before the second condition. Although this procedure was verified verbally and by comparing the diaries, in the absence of an objective measure to quantify free-living physical activity, discrepancies between the conditions would introduce variability between the conditions that may influence the postprandial measures. A further limitation concerns the fact that participants did not complete a session of similar duration moderateintensity exercise for comparison with HIIR.
In conclusion, the present study is the first to our knowledge to show that low volume HIIR performed ~15.5 h before a standardised breakfast reduces postprandial [TAG] in healthy, active 11 to 12 year old boys. Low volume, high-intensity exercise may be a timeefficient strategy to improve health in boys, but further work is required to examine this chronically. 
